INTRODUCTION
Inteins are introns that are spliced at the protein level (for reviews see Neff, 1993; Cooper and Stevens, 1995; Colston and Davis, 1994 extein before and after the intein respectively) Cys (cysteine) (Xu and Perler, 1996) . Elegant mutational and biochemical analysis by several groups have characterized the splicing mechanism ( Figure 1 ). (Xu and Perler, 1996; Shao et al, 1995) , the branched intermediate Xu et al, 1994; Shao et al, 1995) , and the succinimide residue (Xu et al, 1994; Shao et al, 1995) . (b) Hedgehog splicing mechanism proposed by Porter and colleagues .
In addition to their protein splicing activity, several inteins act as site-specific DNA endonucleases (Hodges et al, 1992; Perler et al, 1992 ; Gimble and Thorner, 1992) . This function is believed to be encoded by a central region of the intein that shows homology to the site-specific DNA endonucleases encoded by some group I and archaeal introns (reviewed by Mueller et al, 1994) . This family of endonucleases is characterized by the presence of a repeated LAGLI-DADG amino acid motif. The endonuclease activity is not necessary for splicing reaction because mutations that abolish DNA endonuclease activity do not affect protein splicing (Gimble and Stephens, 1995) . Furthermore, a putative intein has been described that lacks the endonuclease domain (Pietrokovski, 1994) . The site-specific endonuclease activity is believed to render the inteins mobile by a mechanism similar to that of the mobile group I introns. This has been demonstrated for the VMA1/TFP1 intein of Saccharomyces cervisiae (Gimble and Thorner, 1992) . Mobility occurs in crosses where only one strain possesses the mobile intein (the intein+ alíele). The site-specific endonuclease recognizes and cleaves the intein-alíele. The double-stranded break is repaired by a recombination event that uses the intein+ alíele as a donor thereby introducing the element to the recipient genome. A second family of autocatalyzing proteins, the hedgehog (Hh) proteins involved in eucaryotic development, share a sequence motif with the inteins (Koonin, 1995) . A posttranslational autocatalytic splicing reaction cleaves the peptide forming HhN and HhC and attaches a cholesterol moiety to the carboxyterminus of HhN ( Figure 1 ) (Lee et al, 1994; . The HhC domain is responsible for the autocatalytic reaction while the modified, secreted, HhN peptide mediates the biological activity of hedgehog (Lee et al, 1994; Porter et al, 1995) . The cholesterol modification is necessary for proper extracellular localization of the secreted domain . The cholesterol residue adheres to the cell membrane limiting HhN diffusion. The first step of the hedgehog autocatalysis reaction is believed to resemble that of inteins: nucleophilic attack by a side-chain of an internal Cys residue on the flanking peptide bond. The second pair of steps of hedgehog autocatalysis and intein splicing are similar in that they are both transesterfications. However, in hedgehog, the nucleophile is the (external) alcohol moiety of cholesterol whereas in inteins it is an (internal) amino acid residue in another part of the protein . A hidden Markov model (HMM) is a statistical model that defines a probability distribution over possible sequences (Krogh et al, 1994; Baldi et al, 1994; Eddy, 1996) 
MATERIAL AND METHODS

Hidden Markov model
The initial set of intein sequences, ranging in length from 380-550 residues, was taken from the literature (Cooper and Stevens, 1995) and included five of the six inteins known to be actively spliced. Each of the ten sequences was used as the query for a database search. The BLAST suite of programs (Altschul et al, 1990) (Krogh et al, 1994; Hughey and Krogh, 1996) (Brown et al, 1993; Sjölander et al, 1996) were employed. Multiple models were trained and the best used for further studies. Inspection of an HMM-generated alignment of the training set revealed the emergence of conserved regions at the amino-and carboxy-terminii. Results Any sequence can be compared to a model by calculating the probability that the sequence was generated by that model. Taking the negative (natural) logarithm of this probability gives the NLL score. For sequences of equal length, the NLL score measures how "far" they are from the model and can be used to select sequences that are from the same family. To assess the specificity and sensitivity of the protein self-splicing domain HMM, it was used to discriminate between sequences that possess a protein self-splicing domain from those that do not. The program hmmscore evaluates how much better a sequence fits a model than some underlying background distribution or null model (NULL) and assesses the significance of the resultant score. Database searches using the HMM involves computing the log-odds (or NLL-NULL) (Altschul, 1991; Barrett et al, 1996) scores for all sequences in a nonredundant protein database obtained from the NCI (NCI, 1996) (Bult et al, 1996) . HMM database searches of the databases that included Methanococcus jannaschii predicted proteins identified all the locations of these new archaeal even though no Methanococcus jannaschii inteins had been used for training. In particular, the endonuclease domains in these Methanococcus jannaschii inteins occurred at the same location as had been modelled previously by the HMM. These new inteins were added to the training set and the HMM retrained and used to search the database. Based upon examination of the log-odds scores and inspection of an HMM-generated alignment (particularly in the conserved regions), putative 197 intein-containing proteins were identified. Hedgehog proteins were found to have significant scores (> 22.6) and align well, not just to the protein splice-junction motif as noted by Koonin (1995) , but to the model as a whole. The new inteins and hedgehog proteins were added to the training set and the HMM was retrained. The hedgehog sequences have very limited variation and constitute a far greater proportion of the total number of sequences (22/64) 
Phylogenetic analysis
The MOLPHY (MOLecular PHYlogenetics) suite uses a probabilistic, statistical procedure for inferring phylogenetic relationships (Adachi, 1995; Adachi and Hasegawa, 1992) . PROTML, the main program in MOLPHY, infers evolutionary trees from amino acid sequences by means of a maximum likelihood method. The star decomposition algorithm of PROTML 2.2 was used to determine automatically the best tree for the sequences in the aforementioned HMM-generated multiple alignment. Given the large number of sequences, it was not possible to compute a full maximum likelihood tree. Phylogenetic analysis using a parsimony method gave trees with similar topologies to that from PROTML (data not shown).
Structure prediction
PredictProtein/PHD is an automatic service for the prediction of protein secondary structure, residue solvent accessibility and three-dimensional folds (remote structural homolog detection) (Rost, 1996; Rost and Sander, 1993; Rost and Sander, 1994a; Rost and Sander, 1994b; Rost, 1995b; Rost, 1995a; Rost et al, 1994) . Using the aforementioned multiple sequence alignment and the PredictProtein e-mail server, secondary structure and residue solvent accessibility predictions were made for the protein splicing domain (inteins and hedgehog proteins), inteins and hedgehog proteins. For intein regions Ia+Ib, la and lb in turn, the predicted structure and solvent accessibility data were used as input for fold-recognition by the prediction-based threading approach. For each remote homolog identified by this method, its class name and fold were ascertained by using SCOP (Structural Classification of Proteins), a database providing a detailed and comprehensive description of the structural and evolutionary relationships of the proteins of known structure (Murzin et al., 1995; Brenner et al, 1996) . 
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2. An HMM-generated multiple sequence alignment for inteins and hedgehog proteins. Inteins marked with an asterisk have been shown to be actively spliced: Sce.vmal (Cooper et al, 1993; Kane et al, 1990) ; Ctr.vmal (Gu et al, 1993) ; MtujecA (Davis et al, 1992) ; TlLpoLl and Tli.poL2 Hodges et al, 1992) ; PGB.pol (Hirata and Anraku, 1992) and positions b, c, d, h, i, j, k (Cooper et al, 1993) ; Tli_polJ2, position b (Hodges et al, 1992) and PKO_pol_2, positions b, c, f, g, h, i, j, k (Xu and Perler, 1996) and Dre_sh position e (Lee et al, 1994) . Arrows mark the positions of/3-strands (labelled ßl-/313) for predictions made using the inteins and hedgehog proteins together and separately. The Figure 2 ). Inteins marked with an asterisk have been shown to be actively spliced and putative new inteins identified in this work are in bold (see Figure 2 for Figure 2 shows an HMM-generated alignment of intein and hedgehog sequences used for training (except sequence 64, a fragment), predicted secondary structure of the protein splicing domain, the location of the endonuclease domain (if present), and other pertinent data. Figure 3 is an alternative representation of the alignment produced using LOGO (Schneider & Stephens, 1990) ; the predicted structure data are also shown.
Of approximately 211,000 sequences in the most recent nonredundant protein database that was searched using the final HMM, the sixty-three training sequences shown in Figure 2 and other hedgehog sequences Figure 2 ). Three inteins were detected in the pol III, gyrA and gyrB genes of Synechocystis PCC6803 (Kaneko et al, 1995) . The fourth intein corresponds to a previously described insertion in clpp gene of Chlamydomonas eugametos (Huang et al., 1994) . The fifth new intein is present in the klbA gene of Methanococcus jannaschii (Bult et al, 1996) . The first amino acid in the Methanococcus jannaschii intein is an Ala (alanine), suggesting that the intein is either nonfunctional or not spliced by the cannonical pathway shown if Figure 1 which demands a Ser, Thr or Cys at this position. Alternative pathways have been suggested that could allow splicing without involvement of this amino acid position (Xu et al, 1994) .
Although the HMM was designed to be specific for the protein self-splicing domain, it had the capacity to model the presence or absence of a region corresponding to a site-specific DNA endonuclease often inserted in inteins. Figure 2 shows that, if present, this domain appears to be inserted at the same rel- (Story et al, 1992; Morimatsu and Horii, 1995; Maraboeuf et al, 1995) no data available
Signature for ATP/GTP-binding site motif A (P-loop) no data available no data available Escherichia coli gyrA: active site residue involved in DNA cleavage (Horowitz and Wang, 1987) Part of region II of DNA polymerases family B (may be involved in substrate recognition, binding or phosphate hydrolysis) (Braithwaite and Ito, 1993; Bemad et al, 1987; Poch et al, 1989) Part of region III of DNA polymerases family B (may be involved in substrate recognition, binding or phosphate hydrolysis) (Braithwaite and Ito, 1993; Bernad et al, 1987; Poch et al, 1989) Signature for DNA polymerase family Bf Signature for DNA topoisomerase II.g In Escherichia coli a D-*N mutation causes resistance to nalidixic acid (Yamagishi et al, 1986) (continued) ative location in all cases (position 126 in sequences . In contrast to the others, the Synechocystis PCC6803 gyrB intein (sequence 38) does not possess an endonuclease of the LAGLI-DADG family but one resembling the I-TevIII family found in mobile group I introns from phages (Shub et al, 1994) . The endonuclease domains in inteins will be discussed in more detail elsewhere (Dalgaard et (Koonin, 1995) . The results here indicate that the similarity extends over a larger region that encompasses the complete self-splicing domain of inteins, particularly intein region la. Inspection of the alignment, Figure 2 , and LOGO, Figure 3 , indicates three conserved regions that have been noted earlier: position 5-22, 85-93 and 164-175 (Pietrokovski, 1994; Lee et al, 1994) . Positions 85-93 includes a conserved Thr and His separated by two residues (TxxH). However, Figures 2 and 3 also highlight additional highly conserved regions or residues in both inteins and hedgehog proteins (see positions where residues are in bold or boxed). (Braithwaite and Ito, 1993; Bemad et al., 1987; Poch et al., 1989 Figure 2) have demonstrated that the first and last residues of the intein and the first residue of extein2 are essential for intein splicing (Xu & Perler, 1996; Hodges et al., 1992; Cooper et al, 1993) . The His of TxxH is essential for hedgehog autocatalysis (Lee et al., 1994) .
Phylogenetic analysis
The tree obtained from phylogenetic analysis of inteins and hedgehog proteins is shown in Figure 4 which was produced using Treetool (Maciukenas, 1992) . Inteins lacking an endonuclease domain as well those from bacteria, archaea and eucarya are scattered throughout the tree rather than being confined to specific (2) Figure 2 ). Filled triangles mark the positions of residues that may be functionally important. The positions of a PROSITE (Bairoch et al, 1996) ATP/GTP-binding site motif A (P-loop) and a bacterial type II secretion system protein E signature are shown (patterns PDOC00017 and PDOC00567 respectively).
Abbreviations used for organisms not listed in Figure 2 (Kraulis, 1991) (Salmond and Reeves, 1993; Hobbs and Mattick, 1993) . Given the functions of some members of the klbA family, this domain may play a role in formation of surface-associated protein complexes. Figure 6 shows an HMM-generated alignment for the klbA domain together with a FIG. 8. Schematic diagram showing the predicted tertiary structure of the protein splicing domain present in inteins and hedgehog proteins. The fold is proposed to be a /¡-sandwich composed of intein regions la and lb (darker) (see Figure 2 ). Amino acids believed to be part of the active site are indicated. The exteins are displayed as dark lines. In hedgehog proteins, cholesterol is suggested to be bound between the /¡-sheets in a manner similar to that in which retinol is bound by the lipocalin retinol binding protein (see Figure 5b) (Dalgaard, 1994 (Branden and Tooze, 1991) The results here show that inteins and hedgehog proteins exhibit extensive sequence similarity and may have a common evolutionary origin with hedgehog proteins having evolved from inteins. The closest relatives of hedgehog proteins are a Chlamydomonas eugametos chloroplast intein and an archaeal intein. It may be that the hedgehog family originated from an intein that lost its ability to catalyze the second half of the splicing reaction but gained the ability to bind cholesterol permitting it to react with the activated ester formed during the first part of the splicing reaction. Some support for this notion is provided by comparison of intein and hedgehog sequences which shows that hedgehog proteins lack the conserved Asn (asparagine) involved in the third step of the intein splicing reaction (Fig. 1) . Surprisingly, in hedgehog proteins there is a conserved Cys at the position involved in branch formation during intein self-splicing. Since the branched intein intermediate can be detected only in modified inteins that are poorly spliced, it is possible that the autocatalytic reaction of hedgehog proteins might involve a yet undiscovered additional transesterfication reaction leading to a branched intermediate (Fig. 7) . Mutational studies of the conserved Cys would assist in clarifying the situation.
Predictions of the secondary and tertiary structure of the protein self-splicing domain yield insights into how the reaction might occur. Fold predictions suggest that the domain is organized in the form of a /3-sandwich. Examination of the lengths of loops between predicted /¡-strands, the patterns of residues in /¡-strands and whether a /¡-strand is present in all sequences suggests a model for the tertiary structure of the protein self-splicing domain. A schematic diagram of this model is shown in Figure 8 . This model fulfills several important criteria: known active site residues are in close proximity; extein 1 and extein2 are aligned correctly for formation of a peptide bond; the endonuclease domain is not an integral part of the /3-sandwich structure but is an insertion in a loop located at a considerable distance from the active site and thus would have little or no influence. Hedgehog proteins would have a similar fold but would bind cholesterol in a manner similar to that in which retinol is bound by the lipocalin retinol binding protein.
The TxxH motif has been suggested to resemble the active site of serine proteases (Lee et al, 1994) in which the His activates a Ser residue which attacks the peptide bond of the substrate (Fig. 9) . Mutation of this residue in a hedgehog protein abolished the autocatalytic splicing reaction. Given that this His is conserved both in inteins and hedgehog proteins, this residue has been suggested to be part of the active site in the protein splicing domain (Pietrokovski, 1994) . Although no overall sequence or structural similarity has been observed between the protein self-splicing domain and serine proteases, is it possible in the tertiary structure of the self-splicing domain they are arranged in a manner resembling the active site of serine proteases. Since the domain is predicted to be /3-sandwich, interactions between the two ends of the intein suggested by Xu and Perler (1996) may correspond to the substrate-enzyme interaction of serine proteases shown in Figure 9 .
NOTE ADDED IN PROOF
A paper by Perler and colleagues (1997) has recently appeared that contains a compilation and analysis of intein sequences obtained by expansion of the conserved blocks previously described by Pietrokovski (1994) rather than by construction and use of an HMM as in this work. They identified two (Ceu.c_clpp, SPC.gyrA) of the five new inteins identified here (see also Pietrokovski, 1996) (Dalgaard et al, submitted for publication). Perler and colleagues (1997) (Dalgaard et al., submitted) .
